We present a survey of the most abundant processes at the LHC for sensitivity to electroweak corrections at √ s = 8, 14, 33, and 100 TeV proton-proton collision energies. The processes studied are pp→ dijet, inclusive W and Z, W/Z+jets, and WW. In each case we compare the experimental uncertainty in the highest kinematic regions of interest with the relative magnitude of electroweak corrections and fixed-order αS calculations.
I. INTRODUCTION
At the Large Hadron Collider (LHC) design energy of 14 TeV and at future proton-proton (pp) colliders operating at even higher energies, the kinematic reach for the most abundant processes like dijet, inclusive W and Z, W/Z + jets, and vector-boson pair production will go deeper into the TeV regime and will become sensitive to electroweak (EW) corrections. In spite of their suppression by the small value of the coupling constant α, the EW corrections can become large in the high-energy domain due to the appearance of Sudakov logarithms that result from the virtual exchange of soft or collinear massive weak gauge bosons [1, 2] . The leading term is given by α w ln 2 Q 2 /M 2 W , where Q denotes the energy scale of the hard-scattering process, M W is the W-boson mass, and α w = α/ sin 2 θ w = e 2 /(4π sin 2 θ w ) with θ w denoting the weak mixing angle. In the case of massless gauge bosons, these logarithms are canceled by the corresponding real-emission corrections. However, the masses of the W and Z gauge bosons provide a physical cut-off. Therefore, radiation of real W or Z bosons can be experimentally reconstructed for the most part. Only a small fraction that remains unresolved can compensate for the virtual corrections [3] . Thus, at high scales |Q 2 | M 2 W , which are accessible at the LHC and future colliders, the Sudakov logarithms can produce large negative corrections. Although negligible for integrated cross sections, these corrections can reach 10−20% for transverse momentum (p T ) or invariant mass values in the TeV range. In this report, we study the evolution of EW corrections from the LHC to future high energy pp colliders for two benchmark values of collider energy, namely, 33 TeV and 100 TeV.
II. DIJET PRODUCTION
Inclusive production of two or more jets at the LHC allows for a detailed study of QCD at TeV energies. It is also the main background for searches of new heavy particles from beyond the Standard Model (SM) physics decaying into jets. Inclusive production of jets and dijets has been analyzed by the ATLAS [4] and CMS [5] collaborations at √ s = 7 and 8 TeV. These measurements show sensitivity to dijet invariant masses of up to 5 TeV and jet transverse momenta of up to 2 TeV at the LHC. As shown in Fig. 1 , at the current level of experimental and theoretical accuracy, the SM is able to describe data well. The size of the EW corrections is comparable to the experimental uncertainty for the highest p T bins. In this respect the dijet measurements at √ s = 8 TeV have already started probing the "Sudakov zone". The EW corrections to dijet production shown in Fig. 1b are taken from Ref. [6] . These corrections comprise electroweak contributions of O α s α, α Also shown is the relative magnitude of EW corrections at √ s = 8 TeV (bottom) taken from Ref. [6] .
to the leading-order (LO) QCD prediction as well as next-to-LO (NLO) corrections through the order α 2 s α. The tree-level contributions are of the same generic size as the loop corrections at √ s = 8 TeV. The total correction to the integrated cross section is negligible, typically staying below the per-cent level. However, the Sudakov logarithms affect the tails of the distributions in the dijet invariant mass and in the transverse momenta of the two jets. The magnitude of the corrections at √ s = 8 TeV and 14 TeV were found to be similar in Ref. [6] . Results from repeating the calculation for √ s = 33 TeV and 100 TeV are shown in Fig. 2 and Fig. 3 , respectively. We find that the 1-loop virtual corrections are not so dependent on the collider energy, while the tree-level corrections decrease with √ s. Their cancellation is less perfect, and as a result, the virtual negative corrections dominate in the kinematic tails at large √ s. Since the kinematic reach will increase with √ s, these corrections will become progressively more important.
III. INCLUSIVE VECTOR BOSON PRODUCTION
The production of a single electroweak boson is one of the basic hard-scattering processes at the LHC and constitutes a major background to searches for physics beyond the SM, like W'→ ν and Z'→ , and important SM measurements like H→ZZ * → 4 . As in the dijet case, the EW corrections can become quite significant. Since we are considering single electroweak-boson production, without additional radiation of soft or collinear W or Z bosons, the cross section will contain Sudakov logarithms that can be as large as 20% for boson p T ∼ 1 TeV. These effects need to be included for precise predictions of kinematic distributions in the region p T M W . Inclusive W and Z spectra have been analyzed by the ATLAS [7] and CMS [8] collaborations at √ s = 8 TeV, showing sensitivity to boson invariant masses of up to 2 TeV and p T of up to 800 GeV. As shown in Fig. 4 , at the current level of experimental and theoretical accuracy, the SM is able to describe data well. The current experimental uncertainty for invariant masses above 1 TeV is somewhat larger than the size of the EW corrections. The same measurements at 14 TeV will be sensitive to probing the Sudakov zone.
For the above comparison we use Ref. [9] which provides a computation of EW Sudakov effects in single W, Z, and γ production at large boson p T at √ s = 7 TeV, with both QCD and electroweak effects included. Switching off the QCD effects, and expanding to NNLO, the results of Ref. [9] reproduce the earlier results [10, 11] .
Results from repeating the same calculation for √ s = 33 TeV and 100 TeV are shown in Fig. 5 . We find that the relative corrections are basically independent of collider energy and depend only on p T . However, as the kinematic reach increases with √ s, these corrections will become more important.
A. Interplay of electroweak and QCD corrections in Drell-Yan production
The effects of electroweak Sudakov logarithms on more differential quantities, and their interplay with higherorder QCD corrections, are studied next for the example case of lepton-pair production via the Drell-Yan mechanism at a 33 TeV pp collider. The results shown are obtained with the numerical program FEWZ [12] [13] [14] , which additively combines higher-order QCD and electroweak corrections. MSTW parton distribution functions [15] at the appropriate order in QCD perturbation theory are used. Shown first in Fig. 6 is the lepton-pair invariant mass distribution, with minimal acceptance cuts imposed on the transverse momenta and pseudorapidities of the leptons. The shift due to NLO QCD corrections alone is shown, as is the result of combining the full NLO electroweak correction with the QCD one. Both shifts are normalized to the leadingorder prediction. Over a broad range of invariant masses, the QCD corrections increase the cross section by 20 − 30%. The electroweak corrections grow in importance with invariant mass, and lead to a decrease in the cross section. The electroweak corrections begin to overtake the QCD ones at M ll ≈ 5 TeV. The reduction in the cross section induced by the combined corrections reaches 20% at invariant masses of 15 TeV. Measurements of Drell-Yan production in 33 TeV collisions will be sensitive to the Sudakov zone over a large fraction of the available invariant mass range. The shifts induced by the combined QCD and electroweak corrections on the lepton differential distributions are considered next. The cross section is first divided into the following invariant mass bins: The QCD and electroweak corrections have the same shape as a function of lepton p T . The dips appearing in the corrections at half the lower bin edge, and the rise at the upper bin edge, are artifacts of the Jacobian peaks present in the leading-order result. An interesting feature emerges in the lepton η distributions at higher invariant masses. The electroweak corrections act more strongly for central pseudorapidities, leading to a dip in the combined corrections that is quite large for the highest invariant mass bin. Large negative shifts in inclusive observables such as the vector-boson transverse momentum or invariant mass are not the only effects in the Sudakov zone. Distortions in the lepton η also occur because of the shape differences between QCD and electroweak corrections.
IV. VECTOR BOSON PRODUCTION IN ASSOCIATION WITH JETS
Production of a W or Z boson in association with jets has played a special role in collider physics. It was the dominant background to top-quark pair production at the Tevatron. At the LHC, it remains an important background for processes containing a lepton, missing energy (E / T ), and one or more jets in the final state. Prominent examples are measurements of top quark, Higgs boson, and multi-boson production and searches for supersymmetry signatures. Such measurements also permit stringent tests of the predictions of the SM. Measurements of W and Z boson production in association with multiple jets have been made by the ATLAS [16] [17] [18] and CMS [19] [20] [21] collaborations at √ s = 7 and 8 TeV. These measurements show sensitivity to boson and leading-jet p T of up to about 500 GeV at the LHC. As shown in Fig. 10 , at the current level of experimental and theoretical accuracy, the SM is able to describe data well. The current experimental uncertainty for the highest p T bins is somewhat larger than the size of the EW corrections. The same measurements at 14 TeV will be sensitive to probing the Sudakov zone. Production cross sections for W + up to 5 jets and Z + up to 3 jets are now known at NLO QCD [22, 23] . The full NLO EW corrections for W + 1-jet production have been computed for the final state containing a charged lepton, a neutrino, and a hard jet [24] , and for the monojet scenarios where the Z boson decays into two undetected neutrinos [25] . The full NLO EW corrections for Z + 1-jet production have also been computed for the final state containing two charged leptons and a hard jet [26] . The overall magnitude of these corrections as a function of the boson p T is similar to the inclusive W/Z case. Results from repeating the same calculation as in Ref. [26] for Z + 1-jet process at √ s = 33 TeV are listed in Tables I and II Tables III   and IV . We find that the relative corrections show very weak dependence on √ s and depend mostly on the jet (or boson) p T and the invariant mass of the boson system. However, as the kinematic reach increases with √ s, these corrections will become more important. and considered observables are those of Ref. [27] . The parameters and PDF setting are the ALPGEN defaults. In particular, for Z + 2 jets, we consider the observables/cuts presently adopted by ATLAS [30] , namely TABLE III: Z + 1-jet production: Integrated cross sections for different cuts on the pT of the leading jet at a pp collider with √ s = 100 TeV. See aption of Table I and text for details.
where j 1 and j 2 are the leading and next-to-leading p T jets; m eff = i p T i + / E T . For the Z + 3 jets final state we consider the observables/cuts used by CMS [31, 32] , namely
where H T = i p T i and / H T = − i p ti . For the sake of reference, we report here some partial results from Ref. [27] corresponding to the c.m. energy of 14 TeV. In Fig. 11 we show the absolute LO distribution dσ/dm eff and the relative effects of the Sudakov EW corrections corresponding to three different c.m. energies: 14, 33 and 100 TeV. As can be seen, the negative corrections due to Sudakov logs are of the order of some tens of per cent, raising to about 40% (60%, 80%) in the extreme regions at √ s = 14 (33, 100) TeV, respectively. For a given bin of the m eff distribution, the relative EW corrections are practically the same, independently of the collider c.m. energy.
In Fig. 12 we show the effect of the Sudakov logs on the observable |/ H T | in the process pp → Z + 3 jets according to the event selection of Eq. (2) . As for the Z + 2 jets effective mass distributions, the effect of NLO weak corrections on |/ H T | is large and negative, raising to about 40% (60%, 70%) in the extreme regions at √ s = 14 (33, 100) TeV, respectively. For a chosen |/ H T | bin, the relative effects of the corrections are quite insensitive to the change of the collider energy. Vector-boson pair production is among the most important SM benchmark processes at the LHC because of its connection to electroweak symmetry breaking, to the study of Higgs boson in H → WW * , ZZ * , γγ processes, and to probes of gauge boson self interactions. Diboson production can also provide a deeper understanding of the electroweak interactions in general, and to test the validity of the SM at the highest available energies.
In this report we focus on WW production at large invariant masses or large W [35] we find that the size of the correction is comparable to the experimental uncertainty for highest kinematic end points. As noted in Ref. [35] , the corrections due to photon-induced channels can be large at high enrgies, while radiation of additional massive vector bosons does not influence the results significantly. Recently, a detailed study of vector-boson pair production at NLO has been presented in Ref. [36] , where the authors emphasize the importance of photon-induced processes, which may potentially lead to significant distortions of differential distributions. Results from repeating the calculation from Ref. [35] for √ s = 33 TeV and 100 TeV are shown in Fig. 14 . We find that while the relative NLO EW corrections hardly depend on the collider energy, the relative photon-induced contributions are suppressed at larger values of √ s. As a result, the overall corrections show very little dependence on √ s. However, like in the case of other processes described earlier, the EW corrections will progressively become more important with increase in √ s due to higher kinematic reach.
VI. SUMMARY
We have presented a survey of the most abundant processes at the LHC for sensitivity to electroweak corrections at various pp collision energies relevant for LHC and future hadron colliders. We summarize our observations in Table V . We find that for most processes the overall electroweak corrections do not change much with increase in collider energy. However, the corrections become more important at high collider energies simply because of the increase in kinematic reach at high √ s, where the corrections are inherently large. 
